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SUMMARY 

An experimental invest igat ion has been conducted t o  determine and compare 
t h e  e f f ec t s  of  upstream flow disturbances on t h e  heat- t ransfer  f i lm  coef f ic ien t  
i n  a Rao type nozzle with air at  300 pounds per s q m e  inch absolute and 1600' R. 
These disturbances caused a large change i n  the f i l m  coef f ic ien t  and created d i f -  
f i c u l t i e s  f o r  heat- t ransfer  predictions.  Two approaches a r e  used for comparison, 
a boundary-layer model and a Nusselt number correlat ion method. 

INTRODUCTION 

Along with t h e  advent of higher chamber pressure f o r  t h e  chemical rocket en- 
gine and t h e  high heat  fluxes encountered i n  t h e  nuclear rocket engine, t h e  mar -  
g i n a l i t y  of cooling of these engines has become of great concern. Ln t h e  past ,  
gas-side heat- t ransfer  f i l m  coeff ic ients  were obtained by assuming t h a t  one- 
dimensional heat- t ransfer  correlat ions of the Nusselt number type were applica- 
ble. Physically, t h e  appl icat ion of one-dimensional correlat ions t o  t h e  present- 
day bell-shaped rocket nozzles i s  not j u s t i f i ed  because t h e  pressure, veloci ty ,  
and temperature gradients a r e  not one dimemioi--1. 

B a r t z  ( r e f .  1) developed an approximate boundary-layer so lu t ion  f o r  t h e  
heat- t ransfer  problem by employing a one-dimensional flow f i e ld  t o  a conical  noz- 
z l e .  A s  a means toward s implif icat ion,  Bartz has a l s o  generated a Nusselt type 
cor re la t ion  equation f o r  a given conical nozzle contour ( r e f .  2 ) .  
a conical nozzle can be approximated by one-dimensionality, t h e  question arises 
whether t h e  s implif ied equation appl ies  t o  a bell-shaped nozzle. 
modified t h e  boundary-layer solut ion of reference 1 by including an axisymmetric 
flow f i e l d  ( t h e  flow pa t t e rn  is the  same i n  a l l  meridian planes passing through 
the  axis of symmetry, and t h e  flow i s  two dimensional) and has compared t h e  pre- 
d ic t ions  (from ref .  3) with those from a Nusselt type correlat ion.  "he compari- 
sons show la rge  differences i n  heat f lux.  

Since flow i n  

Reference 3 has 

I n  both references 1 and 3, it is assumed t h a t  t he  boundary layer  was in i -  
t i a l l y  turbulent .  
vergent and th roa t  portions of t h e  nozzle (e.g., r e f .  4 ) .  

There i s  a poss ib i l i t y  tha t  l a m i n a r  flow m a y  e x i s t  i n  t h e  con- 
References 1 and 3 



have shownthat t h e i r  predictions of heat  t ransfer  i n  t h e  convergent sect ion are 
dependent on assumptions concerning t h e  start of t h e  turbulent boundary layer. 
However, they (refs. 1 and 3) show t h a t  these assumptions had l i t t l e  effect  on 
the  predictions of t h e  divergent portion, 

To es tabl ish a proper technique f o r  calculat ing the  loca l  heat-transfer f i l m  
coefficient,  an experimental heat-transfer invest igat ion was undertaken at  the  
Lewis Research Center. 
t r ans fe r  measurements, ( 2)  experimental measurements of the  f i l m  coeff ic ients  and 
t h e i r  comparison with the predictions of reference 3, and (3) some gross e f fec t s  
of upstream flow disturbances on the heat-flux d is t r ibu t ion  within the nozzle. 

This repor t  presents (1) the  t e s t  apparatus f o r  heat- 

The experimental program u t i l i z e d  a truncated bell-shaped nozzle based on 
"he design ca l led  f o r  a nozzle a rea  r a t i o  of 27.28 but Rao's design (ref. 5). 

was truncated t o  an area r a t i o  of 22.01. 
ing f lu id ,  and steady-state measurements of heat f l u x  and w a l l  temperatures w e r e  
obtained by the  use of plug-type heat-flux meters. Total  pressure was held con- 
s t an t  at  300 pounds per square inch absolute with a t o t a l  temperature of 160O0 R, 
Sta t i c  w a l l  pressure d is t r ibu t ions  were  a l so  obtained f o r  each test  condition. 

Heated, high-pressure a i r  was t h e  work- 
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SYMBOLS 

constant of integrat ion 

averaged spec i f ic  heat a t  constant pressure 

diameter 

temperature gradient along shaft of heat-flux meter 

heat-transfer f i l m  coeff ic ient  based on temperature 

heat-transfer f i lm  coeff ic ient  based on enthalpy 

enthalpy 

thermal conductivity 

intercept of conductivity data at 0' R 

slope of conductivity data  

s t a t i c  pressure 

t o t a l  pressure 

heat flux 

radius 

s t a t i c  temperature 
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adiabat ic  recovery temperature 

nozzle wal l  teaperature  

t o t  a 1  temperature 

shaf t  temperature of heat-flux meter 

veloci ty  

longi tudinal  distance 

distance along shaf t  of heat-flux meter 

area r a t i o  

gas densi ty  

angle of heat-flux meter locat ion 

angle of pressure t a p  locat ion 

Sub s c r i p t  s: 

ad adiabat ic  recovery 

t throa t  

w nozzle w a l l  

APPARATUS 

The equipment used f o r  t h e  test program cons is t s  of :  (1) heat  exchanger, 
( 2 )  plenum chamber, (3) nozzle section, (4) nozzle cooling system, and (5) ex- 
haust system. A schematic drawing of t h e  apparatus is shown i n  f igu re  1. 

Heat Exchanger 

Dry, high-pressure a i r  was heated whi le  passing through a bank of p a r a l l e l  
coi ls .  
section. This scheme produced heated a i r  at 300 pounds per square inch absolute 
and a temperature of 1600' R. 

These c o i l s  were heated by hot gases e jec ted  from a jet-engine burner 

Plenum Chamber 

The chamber (14-in. I . D .  by 2 f t )  was sized so that i t s  cross-sectional a rea  
r a t i o  r e l a t i v e  t o  t h e  nozzle th roa t  was 74.2. With t h i s  area r a t i o  and t h e  use 
of one-dimensional flow equations, t h e  plenum chamber was computed t o  have a gas 
ve loc i ty  of 15.3 f e e t  per second and s t a t i c -  t o  total-temperature and -pressure 
r a t i o s  of v i r t u a l l y  1. 
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Contained within t h e  chamber i s  a flow-straightening s t ruc tu re  made up of 
tubing 3/4 inch i n  outside diameter and 11 inches long. 
i s  a 15-inch-long diffuser  section, which has an i n l e t  inside diameter of 5 
inches and an e x i t  inside diameter of 1 4  inches. Although the  chamber w a s  not 
probed, the assumption was  made t h a t  t h e  combined grouping of diffuser  and honey- 
comb produced a uniform flow f i e l d  with stagnation conditions of 300 pounds per 
square inch absolute and 1600' R. 

Ahead of t h e  s t ruc tu re  

Nozzle Section 

The operating conditions f o r  t he  nozzle design were determined from the  out- 
put of t h e  heat exchanger. 
inch absolute and 1620° R, and the  th roa t  diameter was chosen t o  be 1.624 inches. 

Total  conditions were s e t  a t  300 pounds per square 

Geometrically, t he  nozzle consists of (1) a contraction portion with an in- 
l e t  diameter of 7.63 inches and a contraction half-angle of 30°, ( 2 )  a convergent 
th roa t  portion with a radius of curvature equal t o  t h e  t h r o a t  diameter, and (3 )  a 
divergent contoured portion s t a r t i n g  a t  t he  throat.  
determined by employing the  method of reference 5 t o  which a boundary-layer dis-  
placement thickness w a s  added. 
inches t o  a d i m e t e r  of 7.624 inches, which resu l ted  i n  an e x i t  area r a t i o  of 
22.01. Table I shows a sketch of t he  nozzle and l i s t s  t h e  nozzle coordinates. 

This divergent contour was  

The nozzle was truncated f r o m  a diameter of 8.488 

Because of t h e  high thermal s t r e s ses  imposed on t h e  nozzle and t h e  require- 
ment of a high temperature gradient through the  w a l l ,  s t a i n l e s s - s t e e l  304 was  
selected as t h e  nozzle material. The nozzle was then machined from a forged b i l -  
l e t  s o  that  t h e  w a l l  thickness w a s  0.5 inch, which w a s  set by the  s i z e  of t h e  
heat-flux meters. 

Two devices were inser ted i n  the nozzle sect ion f o r  an overa l l  study of flow 
disturbances on the  heat-transfer f i l m  coeff ic ient .  The f i r s t  device w a s  a V- 
gu t te r  turbulence generator, as shown i n  f igure 2, located i n  the  convergent sec- 
t i o n  3.38 inches upstream of the  throat .  The second device simulated a nuclear- 
core reactor whose geometry i s  depicted i n  f igure 3. The ex i t  face of t he  reac- 
t o r  w a s  located a t  0.85 inch ahead of t h e  contraction sect ion of t he  nozzle. 
Both of these devices not only generated a turbulence l e v e l  but a l s o  a l t e r e d  the  
boundary-layer charac te r i s t ics  . 

Nozzle Cooling 

Cooling of the nozzle w a s  achieved by a water bath t h a t  acted as a heat 
sink. 
a constant o u t l e t  water temperature t h a t  w a s  e s s e n t i a l l y  equal t o  the i n l e t  tem- 
perature,  

Sufficient water w a s  added continuously t o  the bath i n  order t o  m a i n t a i n  

Exhaust System 

The nozzle w a s  attached t o  an exhaust tube 2 4  inches i n  diameter, which, i n  
Under flow conditions, t he  exhaust- t u rn ,  was connected t o  an exhauster system. 
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e r s  were capable of maintaining a nozzle back pressure of 2 pounds per  square 
inch absolute. 

Direct bas ic  measurements made were pressure and temperature. Ind i rec t  
measurements were heat f l u x  and inside nozzle-wall temperatures. 
t h e  instrumentation locat ion axe given in  tab le  I. 

Coordinates of 

Pressure 

The plenum-chamber t o t a l  pressure and the f i rs t  seven nozzle-wall pressures 
were measured with Bourdon tube pressure gages. The range of these gages was se- 
lec ted  such t h a t  t h e  e r ro r  i n  measurement was less than  1/2 of 1 percent of f u l l  
scale. Manometers were used for t he  remaining w a l l  pressures and connected i n  a 
d i f f e r e n t i a l  fashion. Manometer f l u i d s  used w e r e  mercury, acetylene te t rabro-  
mide, and d ibuty l  phthalate. These f l u i d s  were ca l ibra ted  for densi ty  against  
temperature t o  reduce manometer errors .  An average manometer board temperature 
w a s  measured, and t h i s  value was used t o  determine the  manometer f l u i d  density. 
All other  manometer e r rors  were considered negligible. 
niscus was determined t o  be 0.05 inch. 

Reading er ror  of t he  me- 

Temperat w e  

Steady-state measurements of inside w a l l  temperature and loca l  heat flux 
were obtained by an Inconel plug-type heat-flux meter ( f ig .  4( a)  ) . 
of t h e  meter shaft was 0.125 inch, and three Chromel-Alumel thermocouples were 
accvrately located and peened in to  the  shaft. After attachment, t h e  thermocou- 
ples  were wrapped around the  shaft t o  reduce t h e  e r ro r  in temperature measurement 
because of heat conduction along t h e  0.008-inch-diameter thermocouple wire. 

The diameter 

A t y p i c a l  p lo t  of temperature against  thermocouple loca t ion  i s  a l s o  show- in 
f igu re  4(b).  By extrapolation of the  three  thermocouple readings, an inside 
nozzle-wall temperature could be obtained. 
calculated by t h e  use of t he  temperature d is t r ibu t ion  of t h e  plug and t h e  known 
thermal conductivity of t h e  Inconel. Three samples of Inconel from which t h e  
plugs were made were ca l ibra ted  f o r  thermal conductivity by Ba t t e l l e  Memorial 
I n s t i t u t e ,  and t h e  data are presented i n  figure 5. 

The heat f l u x  through t h e  plug was 

PRocEDm 

For each t e s t  condition, t o t a l  pressure and temperature were held constant 
a t  a nominal condition of 300 pounds per square inch absolute and 1600° R, re- 
spectively.  
a stable s t a t e .  
state such t h a t  t he  temperature r i s e  across the  bath was l e s s  than 5’ F. 
ters  w e r e  then monitored u n t i l  steady-state conditions were established. 

These conditions were obtained a f t e r  the  heat exchanger had reached 
Cooling water t o  t h e  nozzle bath was a l s o  maintained at  a steady 

The me- 
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All data were recorded during a steady-state time i n t e r v a l  of 15 minutes. 
The Each temperature was recorded 10 times by an automatic voltage d ig i t i ze r .  

manometer board was photographed 10 times during t h e  same time period, but Bour- 
don gages were read only once. The purpose of recording the  same data 10 times 
w a s  t o  ensure t h a t  steady-state conditions existed and t o  average out any of t he  
small recording and reading er rors .  

ANALYSIS OF EXPERIMENTAL DATA 

This section of t he  report  discusses the experimental data along with i t s  
reduction and gives a comparison of t he  nozzle pressure and mass flux d is t r ibu-  
t i o n  with t h a t  predicted by theory. 

Nozzle Pressure Distr ibut ion 

I n  the design of t h e  nozzle, t h e  flow f i e l d  was assumed t o  be symnetrical 
about t he  longitudinal axis  and t o  consist  of two regions. For t he  subsonic re -  
gion (convergent port ion) ,  t h e  assumed flow w a s  one dimensional; whereas, f o r  t h e  
supersonic region (divergent port ion) ,  t h e  assumed flow was axisymnetric. 
axisymmetric f i e l d  was computed by applying t h e  method of charac te r i s t ics  and t h e  
optimization technique of reference 5. The charac te r i s t ic  net calculat ions were 
i n i t i a t e d  by determining a constant Mach l i n e  i n  t h e  v i c i n i t y  of t he  th roa t .  The 
transonic analysis of reference 6 was used t o  obtain t h e  Mach l i n e .  

The 

Nozzle coordinates were computed by adding a boundary-layer displacement 
thickness t o  t h e  nonviscous flow f i e l d .  A deta i led  explanation f o r  t h e  viscous 
pa r t  of t h i s  nozzle design i s  given i n  reference 3. Some of these nozzle coordi- 
nates a r e  presented i n  t a b l e  I with t h e i r  associated instrumentation location. 

The theore t ica l  pressure d is t r ibu t ion  associated with t h e  edge of t he  non- 
As would be expected, viscous flow f i e l d  i s  shown i n  f igure 6 as a s o l i d  l i ne .  

a discontinuity e x i s t s  a t  t h e  throa t  region because of t he  two d i f fe ren t  theoret-  
i c a l  flow f i e l d s .  

Also presented i n  f igu re  6 i s  t h e  measured pressure d is t r ibu t ion  f o r  t he  
condition of no upstream flow disturbance. Pressure dis t r ibut ions f o r  t h e  turbu- 
lence generator and nuclear-core simulator were t h e  sane (within measurement ac- 
curacy) as with no flow disturbance, because t h e  upstream disturbances did not 
m a t e r i a l l y  a l t e r  t h e  boundary-layer development insofar  as pressure d i s t r i b u t i o n  
i s  concerned. 
of t h e  aforementioned upstream flow disturbances. Static-pressure drop across 
the  turbulence generator and the  reactor  core amounted t o  l e s s  than '2 percent of 
t he  t o t a l  pressure. 

Hence, t h e  experimental da ta  of f igu re  6 would be representat ive 

The experimental data  shown i n  f igure 6 a r e  i n  good agreement with theory 
except for  t h e  throa t  and exi t  sections of t h e  nozzle. 
t i o n  near the throa t  region, t h e  experimental data  should depart from theory be- 
cause of the t r a n s i t i o n  from one-dimensional t o  axisymmetric flow. 
th roa t ,  the experimental data Seem t o  ind ica te  t h a t  t h e  method of reference 6 is  

For t he  convergent sec- 

A t  t h e  

6 

t 



not adequate f o r  a nozzle that has a small radius of curvature, 
from theory f o r  t he  data Jus t  a f t e r  t h e  throat shouid be expected, since th i s  
method was employed as t he  i n i t i a l  condition. For the  exit region of the  nozzle ,  
the  experimental data f a l l  below t h e  theoret ical  l i n e  indicat ing a thinner  bound- 
ary layer than that predicted by theory. Again, f o r  t h i s  port ion of t h e  nozzle, 
the  theory could be i n  e r ror  because of some of t he  assumptions used i n  predict- 
ing the  boundary-layer growth r a t e ,  

The deviation 

Although the  back pressure was greater  than the  nozzle-exit pressure, f i g -  

From the smoothness of the experimental data, indications are 
ure 6 shows tha t  nei ther  strong shocks nor f low separation were encountered 
within the  nozzle. 
that t h e  flow f i e l d  was adequate t o  perform the  desired heat-transfer measure- 
ments and t o  determine the  boundary-layer film coefficient.  

Mass Flux Distribution 

It is suggested i n  reference 2 that the  f i lm coeff ic ient  Ls proportional t o  
the  mass f l u x  pV ra i sed  t o  some power. To compare the  experimental calculated 
values of mass f l u x  d is t r ibu t ion  with theory, f igure 7 i s  presented. 
mental values w e r e  determined by using the experimental pressure r a t i o  and t h e  
tab les  of reference 7. 
except f o r  the  throa t  region. The percent error from theory f o r  the mass flux 
and the  pressure r a t i o  d is t r ibu t ions  a re  presented i n  t ab le  11. 

The experi- 

Here again, the experimental data agree well  with theory 

Wall Temperature Distribution 

The heat-flux meter shown in f igure  4(a) provided a means of determining t h e  
inside nozzle-wall temperature and the  heat flux at  a l o c a l  point. 
nique was dependent on a t heo re t i ca l  temperature d is t r ibu t ion  derived from 
Fourier 's  heat-conduction equation. 
heat flux, steady-state conditions, and a l inear  var ia t ion  of thermal conduc- 
t i v i t y  with temperature. For these assumptions, a simple integrat ion of 
q = - ( m t  + k=)dt,/dy yields  a t m p e r a t i i r ~  d-ist2rihiu-bion almg the nhnft c?f the 
meter, The d is t r ibu t ion  is -qy = (mt2/2) + bt + C. Since locat ion and temper- 
a ture  at  a point along the  shaf t  a r e  measured, t he  remaining unknowns a r e  q and 
C, because m and can be determined from t h e  thermal conductivity data of 
figure 5. Subst i tut ion of y and t f o r  t w o  of the three locations results i n  
determining q and C over that i n t e m l .  If the  three points did not f i t  t he  
d is t r ibu t ion  function exactly, th ree  values of q and C were computed, The 
values of q were ar i thmetical ly  averaged, and the  values of C were used i n  
computing three  inside nozzle-wall temperatures by l e t t i n g  y = 0,  
atures  were a l so  averaged. 

This tech- 

The assumptions used were one-dimensional 

These temper- 

Three runs (1 t o  3) were made t o  investigate reproducibi l i ty  of the  meters. 
These runs  had no upstream f l o w  disturbance, and the  t o t a l  pressure was held con- 
s t an t  a t  300 pounds per squme inch absolute. !?he t o t a l  temperatures f o r  rum 1, 
2, and 3 were 1593O, 1607O, and 1622O R, respectively. 

Table 111 is presented t o  show the  reproducibil i ty of t he  temperatures along 
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t h e  meter shaf t  f o r  runs 1 t o  3. Sta t ion  8 shows a la rge  deviation from t h e  
average, which i s  due t o  an in te rmi t ten t  short  i n  thermocouple C of t h e  t h i r d  
run. If s t a t ion  8 i s  neglected, t h e  reproducib i l i ty  i n  temperature measurement 
i s  within k4.5 percent. The dashes i n  the  t ab le  represent thermocouples t h a t  
were broken during i n s t a l l a t i o n  of' t h e  meter. 

W a l l  temperature d is t r ibu t ions  of the  nozzle f o r  t h e  th ree  conditions of 
flow disturbance a re  p lo t ted  i n  f igures  8(a)  t o  (a). These f igures  show t h e  
data  points t o  consis t  of a bar and a t r iangle .  
t a ined  by applying combinations of two out of t h e  th ree  thermocouples i n  t h e  
temperature-distribution equation. The t r i ang le  symbolizes t h e  average of t h e  
th ree  extrapolated w a l l  temperatures r e su l t i ng  from t h e  combination technique. 
Whenever the span was s m a l l ,  t h e  average of t h ree  values is plotted.  
meters that  had a broken thermocouple, only one wall temperature could be extrap- 
olated and i s  depicted by a square symbol. 

The bar  symbolizes t h e  span ob- 

For t h e  

Figure 8(a)  shows a t y p i c a l  w a l l  temperature d i s t r ibu t ion  for one of t h e  
A curve w a s  drawn through t h e  average three  runs having no flow disturbance. 

values except when j u d i c i a l l y  selected values of t h e  span were used because of 
la rge  deviations about t h e  average. 
t h e  span should remain constant from run t o  run provided t h a t  t h e  t o t a l  condi- 
t i o n s  were held fixed. Variation i n  span a t  a s t a t i o n  i s  assumed t o  be caused 
by the  oxidation f i l m  of t h e  thermocouple b a l l  and the  contact res i s tance  of t he  
b a l l  a s  a r e s u l t  of peening. 
i s  believed t o  be due t o  shorted thermocouples or e l e c t r i c a l  e r ro r s  i n  t h e  r e -  
cording equipment. 

If t h e  thermocouple were attached properly, 

Large deviation of t h e  data  from t h e  f a i r e d  curve 

For runs 1 t o  3, t h e  average w a l l  temperatures a t  a s t a t i o n  a re  p lo t ted  i n  
This f igure  shows t h a t  reproducib i l i ty  i s  poor f o r  s t a t ions  4, 8, f igure 8(b) .  

11, 1 2 ,  1 7 ,  18, and 19. N o  attempt was  made t o  improve t h e i r  reproducib i l i ty  f o r  
f e a r  of  damaging other meters i n  t h e  process of removal. Also, it was f e l t  t h a t  
t he  malfunction of these meters was not detrimental  i n  determining a curve 
through the data except f o r  s t a t i o n  4. All other s t a t ions  indicated good repro- 
ducibi l i ty .  

It should a l s o  be pointed out that t h e  mathematically extrapolated wall tem- 
perature obtained from t h e  temperature-distribution equation depends on t h e  value 
of C y  the in tegra t ion  constant. The magnitude of C is r e l a t e d  t o  q, and q 
i s  proportional t o  t h e  s lope a t  a point on t h e  temperature-distribution curve of 
t h e  meter. Therefore, i f  t h e  slope is  i n  e r r o r  because of a f a u l t y  temperature 
reading, C is  i n  e r ro r  accordingly. It was shown i n  t a b l e  I11 t h a t  t h e  repro- 
duc ib i l i ty  of t h e  meter temperatures w a s  within k4.5 percent except f o r  sta- 
t i o n  8. Figure 8 (b )  shows that t h e  spread of t h e  averaged w a l l  temperatures a t  
a s t a t ion  fa l ls  within t h e  same band of reproducibi l i ty .  

The wall temperature d is t r ibu t ions  of t h e  nozzle having upstream flow dis-  
turbances a r e  shown f o r  t h e  nuclear-core simulator ( f ig .  8 ( c ) )  and f o r  t he  turbu- 
lence generator ( f i g .  8 ( d ) ) .  I n  f igure  8 ( d ) ,  t h e  curve was not drawn through t h e  
data  of s ta t ion  1 because of i t s  nearness i n  loca t ion  t o  t h e  turbulence gener- 
ator.  
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Heat-!Transfer Film Coefficient 

Experimental values of f i l m  coefficient based on enthalpy were determined by 
use of the  following equakion; 

!t'he enthalpy difference can be expressed as iad - %?=lad c p dT. Since cp 

is approximately constant over - the  range of temperatures, then 
lad - & = cp(Tad - Tw) where c 
spec i f ic  heats  determined at  adiabatic and w a l l  temperatures. 
temperature tad was computed by using a 0.9 recovery f ac to r  f o r  the gas at t h e  
edge of t he  nonviscous flow f i e ld ,  
from reference 8. 
a ture  and adiabat ic  recovery temperature t o  t o t a l  temperature is given i n  ta- 
b le  N. 
recovery temperature t o  t o t a l  temperature. 

- was computed by ar i thmetical ly  averaging t h e  P 
The adiabat ic  w a l l  

Thermal properties of t he  gas were obtained 
A l i s t i n g  of the  r a t i o s  of t heo re t i ca l  s t a t i c  t o  t o t a l  temper- 

Also presented i s  the  equation used i n  computing t h e  r a t i o  of adiabatic 

A s  discussed previously, the  meter produced three  values of w a l l  temperature 

Subst i tut ion of these combinations i n t o  the  preceding equation r e s u l t s  
and heat f l u x  depending on which combination of two out of th ree  thermocouples 
w a s  used, 
i n  three values f o r  the  f i lm  coefficient at one s ta t ion ,  
an average f i lm  coeff ic ient  was computed. 

From t h e  three values, 

Heat-transfer f i lm coeff ic ients  f o r  t h e  nozzle with and without upstream 
flow disturbances a re  presented i n  f igures  9(a) t o  (d), 
f igures  represents t he  span of the  three  values of film coeff ic ient ,  and the  tri- 
angular symbol denotes the  average, 
value of t he  f i l m  coeff ic ient  could be cmputed because of an open thermocouple. 
Again, each curve is  f a i r ed  through the  average whenever possible. 

The bar shown i n  these 

The square symbol is used when only one 

"he  data of f igure  9 (a )  a r e  f o r  the  same t o t a l  and flow conditions as i n  
f igure 8(a). 
perature reproducibi l i ty  a re  deleted, the  maximum span of the  f i lm coeff ic ient  at  
a s t a t ion  i s  40 percent. This large span was t raced t o  the  sens i t i v i ty  of q i n  
the extrapolation technique of the temperature d is t r ibu t ion  along the  shaft of 
the  heat-flux meter. 

Figure 9 ( a )  shows that, i f  those s t a t ions  t h a t  have poor wal l tem-  

Reproducibility of t h e  data for runs 1 t o  3 is shown in  f igure 9(b) ,  where 
t h e  average values of f i lm  coeff ic ient  f o r  each of t he  three  zwns a r e  plotted,  
If a l l  s t a t i o n  points  that were not reproducible as previously discussed are ex- 
cluded, t h e  band of reproducibi l i ty  of t h e  average is +15 percent f o r  s t a t i o n  3 
and l e s s  than k10 percent f o r  a l l  others. 

Data f o r  t h e  core s h i i a t o r  and turbulence generator a r e  shown i n  f igures  
9 ( c ) and ( d) , respectively.  
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COMPARISON OF EXPERIMENTAL RESULTS 

A s  a means of comparison, a composite p lo t  of t he  film coeff ic ient  f o r  t h e  
three upstream flow disturbances i s  given i n  f igure 9(e ) .  The curves of f igure 
9 ( e )  are those of figures 8 ( b )  t o  ( a ) .  
f i l m  coefficient occurs ahead of t he  th roa t .  This t h roa t  d i s t r ibu t ion  i s  qu i t e  
similar t o  t h a t  presented i n  reference 9 f o r  a hydrazine - nitrogen te t roxide  
rocket thrustor.  If the experimental pressure d is t r ibu t ion  ( f i g .  6 )  and m a s s  
f l u x  dis t r ibut ion ( f i g .  7 )  a r e  considered along with t h e  suggestion of r e f e r -  
ence 2 that  t he  film coeff ic ient  i s  proportional t o  t h e  m a s s  f lux ra i sed  t o  a 
power, the maximum should occur ahead of t he  throat .  

For each curve, the maximum value of the 

From a comparison of t he  curves, it is apparent t h a t  t h e  l e v e l  of the maxi- 
mum varies.  Reference 10 shows t h a t  increasing the  free-stream turbulence af- 
f e c t s  local r a t e s  of heat t r ans fe r .  Since the  turbulence generator gives t h e  
highest turbulence l e v e l  with a corresponding greatest  maximum w a l l  temperature 
l e v e l  fo r  t he  three flow conditions, t h e  t rend i s  i n  t h e  r i g h t  direct ion.  How- 
ever, a word of caution must be used i n  deriving a conclusion about turbulence 
leve l .  Not only did the  devices inser ted i n t o  t h e  nozzle increase t h e  turbulence 
l e v e l ,  but they a l so  simultaneously a l t e r e d  t h e  boundary-layer charac te r i s t ics  
from those of t h e  t e s t  with no upstream disturbance. 

If the reader i s  cognizant of t he  g ross  e f f ec t s  of t h e  devices, a comparison 
of t he  curves shows t h a t  t h e  l a rges t  differences i n  f i l m  coeff ic ient  occur i n  t h e  
convergent portion of t h e  nozzle. As  t he  flow approaches t h e  throa t  region, t h i s  
difference decreases. When the  e x i t  is  reached, the three  curves, i n  essence, 
a r e  equal. Hence, t he  observation made is t h a t  t h e  throa t  has a tendency t o  a t -  
tenuate the e f f ec t s  of turbulence leve l .  

For the turbulence generator, t h e  value of t he  f i lm coeff ic ient  j u s t  up- 
stream of t h e  th roa t  i s  55 percent greater  than t h a t  f o r  no flow disturbance. I n  
comparison with the  nuclear-core simulator, t h i s  difference amounts t o  25 per- 
cent. 

COMPARISON W I T H  PREDICTION TECHNIQUES 

Two prediction methods a r e  used f o r  comparison with t h e  experimental data. 
The f irst  is a boundary-layer approach, as presented i n  reference 3; t h e  second 
i s  a turbulent Nusselt type correlat ion,  as used i n  reference 3. 

In  figure 9 ( f ) ,  the r e s u l t s  of t h e  two prediction methods a r e  presented 
along w i t h  t h e  experimental averaged curve of f i lm coeff ic ient  f o r  t h e  condition 
of no upstream flow disturbance. I n  t h e  boundary-layer curve f o r  t he  p l a i n  noz- 
z le ,  as presented i n  t h i s  f igure,  it i s  assumed t h a t  t h e  boundary layer  starts i n  
t h e  plenum chamber a t  t he  e x i t  of t h e  s t ra ightening tubes, which is 42.61 inches 
upstream of t he  nozzle throat .  

I n  the convergent section, t he  experimental da ta  f a l l  above both prediction 
curves but follow the boundary-layer curve near and a t  the th roa t  section. 
the throat, the data agree with the Nusselt type correlat ion but cross over t o  

After 
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the  boundary-layer curve i n  the divergent portion of the nozzle, 

1 t he  convergent and throat  portions of t he  nozzle by about 40 percent. Jus t  be- 
yond the  throa t ,  the  experimental curve agrees well with the  boundary-layer ap- 
proach; however, here again the designer can use the  Nusselt type correlat ion for  
f i r s t  estimates. 

Since the  two prediction curves have a t  most a difference of 20 percent, the  
correlat ion method seems adequate as a first approximation f o r  nozzle heat- 
t ransfer  design except for the  f a r  upstream convergent section. 

The curve f o r  t he  experimental data of the  nuclear-core simulator, as shown 
i n  f igure 9 (c ) ,  is  again presented i n  figure 9(g)  f o r  the  purpose of comparison 
with predictions. 
points were computed t o  determine which s tas t ing  point resul ted i n  t h e  bes t  
agreement with t h e  experimental data. 
inches upstream of the  reactor  e x i t  face. 
boundary layer  s t a r t ed  ahead of the  reactor e x i t ,  s o  t h a t  an effect ive boundary- 
layer  height existed a f t e r  the  reactor  exi t .  Best agreement with the  experimen- 
t a l  data was f o r  the 10-inch s t a r t i n g  point, and t h i s  boundary-layer curve is  
shown i n  f igure  9( g) . Also presented in  the f igure is t h e  Nusselt type correla- 
t ion.  

In  the  boundary-layer method, th ree  boundary-layer s t a r t i n g  

These s t a r t i n g  points were 0, 5, and 10 
It was convenient t o  assume t h a t  t he  

Figure 9(g)  shows t h a t  t h e  two prediction methods underestimate the experi- 
mental data f o r  the convergent section of the nozzlej but, at  the  throa t  and 
s l i g h t l y  downstream, the  Nusselt type correlation seems t o  be adequate. 
divergent section, t he  data depart f romthe  correlat ion method toward the  
boundary-layer method. 

I n  the  

Because the  experimental data ju s t  a f t e r  t he  t'moat f a l l  between the  t w o  
methods and t h e i r  differences a re  not large,  the  designer may agab se lec t  the  
Nusselt type correlat ion f o r  a f irst  estimate over t h i s  region of t h e  nozzle. 

Curves f o r  the  turbulence generator t e s t  a r e  presented i n  f igure 9(h) .  
Shown i n  the  f igure  i s  the  experimental curve of f igure  9(d). The predict ion 
curves, Nusselt type correlat ion and boundary-layer approach, employed the  same 
models as discussed i n  f igure 9(g).  

and the  best  agreement with experimental data occurs when the  10- 
inch upstream s t a r t i ng  point is used, 

Again, three b0undm-y-layer s t a r t i n g  points 
I were assumed, 

By observing the  peaks of the  three  experimental curves r e l a t i v e  t o  t h e i r  
respective predict ion curves, it is noted that the  peak differences increase i n  
magnitude as the  turbulence l e v e l  increases. 

SUMMARY OF RESULTS 

An experimental investigation has been conducted f o r  the  determination and 
Comparison of t he  heat-transfer f i l m  coefficient i n  a truncated Rao type nozzle. 
This nozzle was operated with dry air  heated t o  1600' R and a t  a pressure of 300 
pounds per square inch absolute. Two devices, a nuclear-core s h u l a t o r  and a 
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turbulence generator, were inser ted upstream of t h e  nozzle th roa t  t o  produce flow 
disturbances. 
obtained and compared with each other as well  a s  with two predict ion methods, 
namely, a boundary-layer approach and a Nusselt type correlat ion.  

Under these disturbances, measurements of f i lm coef f ic ien t  were 

An analysis of the r e s u l t s  generates t h e  following statements: 

1. Experimental measurements of t h e  nozzle-wall pressure d i s t r ibu t ions  
agreed well with theory except f o r  t h e  th roa t  region. 
one-dimensional model f o r  t h e  convergent region and an axisymnetric model f o r  t h e  
divergent region. 
used i n  predicting the  sonic region of t h e  throat .  

The flow f i e l d  follows a 

Disagreement a t  t h e  th roa t  region i s  a t t r i bu ted  t o  t h e  method 

2. Upstream flow disturbances s t rongly a f f ec t  t h e  f i lm coef f ic ien t  i n  t h e  
convergent and th roa t  regions of t he  nozzle. 
dampened the disturbance e s sen t i a l ly  to zero f o r  a la rge  port ion of t h e  divergent 
section. The turbulence generator increased t h e  f i lm coef f ic ien t  near t h e  th roa t  
by 55 percent of t h e  value with no disturbance; t he  reactor-core simulator gave 
25 percent increase. 

Acting as a choke, t h e  th roa t  

3. For the th ree  t e s t s  with no upstream disturbance, core simulator, and 
turbulence generator, e i t he r  predict ion method m a y  be used f o r  design purposes. 
The bes t  agreement i s  with t h e  boundary-layer method. However, t h e  far upstream 
convergent sect ion i s  not i n  agreement with e i the r  predict ion method. 

4. The outstanding d i f f i c u l t i e s  with the  predict ion methods a re  (1) assump- 
t i ons  have t o  be made regarding t h e  start of t h e  turbulent  boundary layer  i n  
order that the  experimental data f i t  t he  predictions made by t h e  boundary-layer 
method, and ( 2 )  turbulence in t ens i ty  and sca le  a re  not accounted f o r  i n  e i t h e r  
met hod. 
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TABLE I. - NOZZLE CONTOUR AND COORDINATES 
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7.63"- 
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t a p  
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4 
5 

6 
7 
8 
9 
10 
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19 

Exit 

{eat -f lux 
meter 
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2 
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7 
8 
9 
10 

11 
12 
13 
14 
15 
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17 
18 
19 -- 

Lngle of 
r e s s u r e  

tap ,  

deg 
eP 

18 0 
282.86 
231.43 
18 0 
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77.15 
25.72 
334.29 
282.86 
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18 0 
128.58 

231.43 
18 0 
128.58 
180 ------ 
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TABLE I V .  - THEORETICAL PERFORMANCE OF A RAO NOZZLE 

Stat ion Ratio of Theoretical 
long it udinai temper a t  w e  
distance t o  r a t i o ,  

I 
t h roa t  T/TO 

diameter, 
I x/Dt I 

-1.894 
-. 497 
-. 338 
-. 168 

I I 

0.9990 
.9691 
.9383 
.8910 

Theoretical  recovery 
temperature r a t  i o ,  

Tad/TO 

Convergent section, one-dimensional flow 

1 
2 
3 
4 

5 
6 
7 
8 
9 

10 
11 
1 2  
13 
1 4  

15 
16 
1 7  
13 
1 9  
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.9969 
.9938 
. 9 8 9 1  

Divergent section, axisymmetric flow 
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.092 
.185 
.330 
,943  

1 . 5 6 3  
2.175 
2 . 8 l l  
3.410 
4.025 
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6.983 

3. T , ~ / T ~  = 0.9 + 0.1 T 
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To where 0 .9  = recovery fac tor .  
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Figure 2. - V-gutter turbulence generator.  
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Figure  3 .  - Nuclear-core simulator. 
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(b) Typical measurements. 

Figure 4. - Heat-flux meter. 
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Ratio of longitudinal distance to throat diameter, x/Dt 

I I I I I I  I I I I I 
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Rat io  of l ong i tud ina l  d i s tance  t o  t h r o a t  diameter,  x/Dt 

I I  I l l 1  I I I I I I 

S t a t i o n  number 

( c )  To ta l  temperature, 1 6 0 5 O  R j  t o t a l  pressure,  302 pounds p e r  square inch  abso lu te .  

F igure  8 .  - Continued. Wall  temperature d i s t r i b u t i o n  i n  a t runca ted  Rao nozz le .  

Up-  
s tream nuclear-core s imula to r .  
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-2 -1 0 1 2 3 4 5 
Rat io  of l ong i tud ina l  d i s t a n c e  t o  t h r o a t  diameter,  x/Dt 

L 

6 7 

( d )  Tota l  temperature,  1612' R; t o t a l  p re s su re ,  302 pounds p e r  square inch  abso lu te .  Up- stream turbulence  gene ra to r .  

F igure  8 .  - Concluded. Wall temperature d i s t r i b u t i o n  I n  a t runca ted  Rao nozz le .  
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